Although the klystron was invented over 40 years ago, it still is quite a scientific challenge to analyze this seemingly simple device. Accurate calculation of space-charge density and particle motions are required, but there are dozens of parameters that must be optimized. Thus the analysis must be inexpensive to run, because over 100 runs typically are required to optimize a particular design. A self-consistent ring model of the klystron interaction is being developed for use as a design tool, with the initial goal of improving the LAMPF klystrons to conserve electrical energy. A mathematical model that includes largesignal effects, relativity, harmonic and fundamental cavities, extended cavity fields, and self-consistent calculations of the induced currents is being developed. The model is self-consistent because the gap fields are calculated interactively, because the currents that drive the cavities are not known until after the beam transverses the cavities. Several test cases have been run, and the basic theory and results to date are discussed.
Introduction
The basic interaction model is that of Rowe,1 modified to include relativistic effects,2 with time (rather than distance) as the independent variable.
Space-charge and image forces are calculated with the Green's functions for rings of charge in a cylinder of radius a. The ring fields contain singularities at the source, and several different methods of averaging these fields were tried. The most promising method is to integrate the sources radially and axially and to use a laminar-flow assumption to estimate the radial extent of the rings as the interaction proceeds. This method gives good agreement between the model's predictions and laminar theory as will be shown below.
The method may be modified when the code is developed enough to calculate the performance of an entire klystron. Thus, although the particles are treated as zero-volume rings of charge in most of the dynamical calculations, the particles have finite volume for the purposes of space-charge-force calculation. 
where u0 is electron velocity at the beginning of the problem on the axis, V = v/u0, un = uo/c, rn = el/mo, and T = ut; R and Z are normalized dimensions: R = rw/u and Z = zw/u . Equation (3) is used rather than the conservation of angular momentum to permit the model to be generalized to include quadrupolar f ields at a later date. The particle energy also may be also calculated by
and the two sets of y's may be compared to estimate integration errors.
The fields in Eqs. (l)- (4) Equations (9) The maximum error between the calculated space-charge radial field and Gauss' law in a balanced flow situation is 0.5% with four rings. This error occurs at the inside ring and is independent of nZ, the axial subdivision of the beam. Figure 1 is a dc test case for a Brillouin beam that enters a zero-field region at Z = 0. The rings should follow the universal beamspread curve,4 and the agreement is within 10% at Z = 5. Most of the error is due to the first and last electrons in the wavelength. The space-charge forces are assumed periodic in Z, but in reality they are not, especially with such an expanding beam as shown in Fig. 1 . If the first and last electrons were omitted, the agreement will be within 2%. With the minor modification of removing the periodic statement in the space-charge subroutine, the code could be adapted to analyzing the motion of isolated bunches of charge. Several test cases for a multicavity klystron have been made with the same dc beam parameters. Figure 3 shows the envelope of a thin gap at Z = 0 and cos2 (Z) gaps at Z = 8.6, 23.2, and 36.7. This run simulates the LAMPF klystron second through output cavities. The subdivisions used are 1 radial and 16 axial. Small-signal theory is used to get the parameters of the second cavity. Figure 4 shows the axial bunching diagram for this interaction. The magnetic field is held fixed at 1.5 times the Brillouin value.
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Future Plans
The goal is to develop an accurate klystron simulation code to improve the efficiency of high-power klystrons at LAMPF and other accelerators. Although many test cases have run well, and entire klystrons have been simulated, few detailed comparisons between calculations and experiments have been made. The space-charge problem has been resolved, and effort will be focused on problems that arise when the cavities are quite close together, as in the case of the LAMPF klystrons. The region convergence method does not work with three or more gaps within a wavelength, but it will be a straightforward record-keeping problem to extend this. The program also will be extended to a more sophisticated treatment of the gap fields and more general input routines, where output from a gun code can be used directly as input data. Several methods of improving the representation of the axial focus fields and the off-axis expansion also are being considered and will be implemented soon.
Before the code is used to design a new klystron, it will be tested against the LAMPF and Stanford klystrons to be certain that it can agree with experimental data. The code should be ready as a design tool before the end of the fiscal year.
